The synthesis of 3 subgenomic RNA4 (sgRNA4) by initiation from an internal sg promoter in the RNA3 segment was first described for Brome mosaic bromovirus (BMV), a model tripartite positive-sense RNA virus (W. A. Miller, T. W. Dreher, and T. C. Hall, Nature 313: [68] [69] [70] 1985) . In this work, we describe a novel 5 sgRNA of BMV (sgRNA3a) that we propose arises by premature internal termination and that encapsidates in BMV virions. Cloning and sequencing revealed that, unlike any other BMV RNA segment, sgRNA3a carries a 3 oligo(A) tail, in which respect it resembles cellular mRNAs. Indeed, both the accumulation of sgRNA3a in polysomes and the synthesis of movement protein 3a in in vitro systems suggest active functions of sgRNA3a during protein synthesis. Moreover, when copied in the BMV replicase in vitro reaction, the minus-strand RNA3 template generated the sgRNA3a product, likely by premature termination at the minus-strand oligo(U) tract. Deletion of the oligo(A) tract in BMV RNA3 inhibited synthesis of sgRNA3a during infection. We propose a model in which the synthesis of RNA3 is terminated prematurely near the sg promoter. The discovery of 5 sgRNA3a sheds new light on strategies viruses can use to separate replication from the translation functions of their genomic RNAs.
Single-stranded positive-sense RNA viruses utilize various strategies for expression of their RNA genomes (36) , most notably via subgenomic RNAs (sgRNAs). The Coronaviridae and Arteriviridae families of the order Nidovirales express 6 to 7 proteins via sgRNAs, while the Closteroviridae generate between 6 and 11 sgRNAs. In some viruses, e.g., in Brome mosaic bromovirus (BMV), sgRNAs arise via internal initiation by the viral RNA polymerase (RdRp) on genomic minus-sense RNAs (20, 30, 33, 38) . It is also likely that other viruses, e.g., red clover necrotic mosaic virus (54) , tomato bushy stunt virus (10) , and flock house virus (17) , copy their sgRNAs from prematurely terminated minus strands (62) . In Nidovirales (46, 61, 72 ) the noncontiguous RNA leaders are joined to variously located sequences during minus-strand synthesis, followed by sgRNA transcription, whereas toroviruses combine discontinuous and nondiscontinuous processes to produce their sgRNAs (63) . The formation of sgRNAs can also result from premature termination of positive-strand synthesis. In closteroviruses, a highly structured sequence region produces 5Ј-terminal sgRNAs by pretermination (20) and additionally serves as a promoter for synthesis of another downstream sgRNA, with possible overlapping of termination and initiation signals (20) .
The previously described 3Ј sgRNA4 of BMV is transcribed from an intergenic 100-nucleotide (nt) promoter (sgp) that consists of the core domain, a transcription enhancer, and the poly(A) tract (18, 38, 57) . The more-upstream 150-nt sequence functions in cis as an internal replication enhancer (IRE) for positive-strand RNA3 amplification and carries a conserved B-box motif (18) . In addition, we recently reported that the poly(A) tract of the sgp can function as an efficient replicase detachment/reattachment site, thereby contributing to the high-frequency homologous RNA3-RNA3 crossovers mapping within this region (5, 68, 69) .
In this work, we characterize a novel BMV sgRNA, designated sgRNA3a, which represents the 5Ј portion of genomic BMV RNA3. This sgRNA3a accumulates in BMV-infected tissues and carries the 3Ј oligo(A) tail. By using a BMV replicase in vitro assay, we show that sgRNA3a is generated by pretermination at the oligo(U) tract on minus-strand RNA3 templates. The in vitro translation reactions in both the rabbit reticulocyte and the wheat germ extracts showed an increased synthesis of protein 3a by sgRNA3a compared to that for the full-length RNA3. In the BMV-infected tissues, sgRNA3a localized to the cellular polysome fractions, suggesting its translational activity. Taken together, our data suggest active roles for sgRNA3a in the BMV life cycle.
MATERIALS AND METHODS
Materials. Plasmids pB1TP3, pB2TP5, and pB3TP7 (29) were used as templates to synthesize in vitro the infectious, capped, full-length transcripts of wild-type (wt) BMV RNA1, 2, and 3, respectively, by using the MEGAscript T7 kit (Ambion, Austin, Tex.). Moloney murine leukemia virus (MMLV) reverse transcriptase and Taq DNA polymerase were purchased from MBI Fermentas. Restriction enzymes, Pfu DNA polymerase, and deoxynucleoside triphosphates (dNTPs) were purchased from Promega Corporation, and the QIAGEN PCR cloning kit was from QIAGEN GmbH. The rabbit reticulocyte lysate and wheat germ in vitro translation systems were both from Promega Corporation. The [ 35 S]methionine was purchased from ICN.
Detection and cloning of sgRNA3a. Barley plants were inoculated with equal amounts (5 g) of transcribed BMV RNA1, 2, and 3 (29) . The inoculated plants were maintained in a greenhouse for 10 days, and total RNA was extracted as previously described (16, 40) . The presence of positive-strand sgRNA3a was detected by Northern blotting (35) with a radioactive RNA probe complementary to the positive-strand RNA3 sequence between nt 962 and 1111. Similarly, to detect the putative minus-strand sgRNA3a, the probe used was complementary to nt 401 to 510 of the minus-strand RNA3.
Total RNA was extracted from BMV-infected plants (16, 40) and separated by agarose gel electrophoresis. The band containing the sgRNA3a fraction was cut out of the gel, and the RNA was eluted. For cDNA cloning, an in vitro-transcribed 5Ј-phosphorylated oligoribonucleotide RNA linker (RNA-lig; 5Ј-GGU ACGAGAUCUCGCGAGAACUGCAGAACCUAUGCAUUGG-3Ј [PstI restriction site is underlined], sequence not related to BMV RNA3) was 3Ј ligated to sgRNA3a by using T4-RNA ligase. The ligation mixture contained 500 ng RNA-lig, 250 ng sgRNA3a, 1ϫ T4 RNA ligase buffer, 40 U RNasin RNase inhibitor, 10 U T4 RNA ligase, and 20% polyethylene glycol (PEG) in a total volume of 40 l. The reaction was performed overnight at 16°C. The RNA products were dissolved in 20 l H 2 O and amplified by reverse transcription (RT)-PCR with oligonucleotides RW-rev-lig3, which is complementary to the RNA-lig linker, and RW-M1400 (5Ј-GCGTAATACGACTCACTATAGGGAG AACTGCAGTTACTCATGCGTATTGG-3Ј), which is homologous to nt 658 to 680 of the positive-strand RNA3 sequence (the PstI sites are underlined), or with oligonucleotides RW-rev-lig3 and MP1, which are homologous to nt 1 to 20 of positive-strand RNA3. The cDNA products were digested with PstI, ligated into the PUC19 vector, and sequenced.
Construction of mutagenized RNA3 templates. RW-IDrev1 RNA was constructed as previously described (69) . Briefly, the region between nt 1 and 1910 of pB3TP7 was amplified by PCR with primers 11 (5Ј-CCCAAGCTTGGGTA AAATACCAACTAATTCTCG-3Ј) and 12 (5Ј-AAAACTGCAGAACCTTAGC CAAAGTGTCCTAC-3Ј), carrying HindIII and PstI restriction sites, respectively (both restriction sites are underlined). The PCR products were ligated into plasmid pB3TP7, and the resulting plasmid was linearized with PvuII restriction enzyme and in vitro transcribed with a MEGAscript kit from Ambion (69) . The integrity of the RNA preparation was confirmed electrophoretically.
Two oligo(A) deletion RNA3 constructs (⌬17 and ⌬26) were generated by replacing the wt sequence in pB3TP7 between the SalI and ClaI restriction sites with a deletion-carrying DNA insertion. The insertion was amplified from pB3TP7 with 3Ј primers, either DelA18-2 (5Ј-GAAGTCGACATTATTAATAC GCTGAATTAGGACATAGTTTTAATAATAACTCAGACACACAACATA GAATATCCACAAAC-3Ј) for ⌬17 or DelA18-1 (5Ј-GAAGTCGACATTATT AATACGCTGAATTAGGACATAGATCCTCAGACACACAACATAGAAT ATCCACAAAC-3Ј) for ⌬26, both carrying the SalI restriction site (underlined), and with the 5Ј primer Cla-5Ј (5Ј-GATAGCGGTAGGAATCGATGTTTTGG GATAGC-3Ј), carrying the ClaI site (underlined). The PCR products were religated into the SalI/ClaI-cut plasmid pB3TP7, and the resulting plasmid was linearized with EcoRI restriction enzyme and in vitro transcribed. The transcripts were analyzed electrophoretically as described above.
In vitro generation of sgRNA3a by copying of minus strands with BMV RdRp. To generate sgRNA3a in vitro, a standard RNA copying reaction was set up, containing 1 g of RW-IDrev1 RNA and a BMV replicase preparation (extracted from BMV-infected barley seedlings) plus other components (35) . The RNA products were separated in 4% polyacrylamide-7 M urea sequencing gel, the radioactive band of the sgRNA3a (size, ca. 1,200 nt) was cut out of the gel, and the RNA was electroeluted, followed by RNA precipitation with ethanol.
In vitro translation and polyribosome isolation. BMV RNAs were translated in vitro in a nuclease-treated, rabbit reticulocyte lysate system or in a wheat germ system, according to the manufacturer's protocols, in the presence of [ 35 S]methionine. The translation products were solubilized in a sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis solution, incubated at 95°C for 2 min, and subjected to electrophoresis in a polyacrylamide gradient gel (8 to 15%). The gel was dried under a vacuum and exposed to X-ray film.
The polysomes were isolated from BMV-infected barley, using 500 mg of the infected leaf tissue (27) , the extract was fractionated by ultracentrifugation in a 2.5-ml 0 to 40% linear sucrose gradient, and total RNA was isolated from 300-l fractions by phenol-chloroform extraction and ethanol precipitation, followed by gel electrophoresis and Northern blotting.
RESULTS
A novel sgRNA3a accumulates in BMV-infected plants. The multifunctional intercistronic region of BMV RNA3 can support the de novo synthesis of sgRNA4 (38) , as well as highfrequency recombination events among BMV RNA3 molecules (68, 69) . To test if this region supported the formation of 5Ј sgRNA, total RNA was extracted from BMV-infected barley and the putative sgRNA was detected by Northern blotting with an RNA3-specific probe that was complementary to nucleotides 962 to 1111. As shown in RNA was designated sgRNA3a because its size varied between those of RNA3 and sgRNA4. Time course analysis revealed that the fraction of sgRNA3a ranged from 2 to 10% between the two RNAs (Fig. 1B) .
To test if sgRNA3a replicated through a plus-or minusstrand replication cycle, the RNA preparation obtained at 10 days postinoculation (dpi) was subjected to Northern blotting with a minus-strand RNA3-specific probe that represents the positive-strand RNA3 sequence between positions 401 and 510. This revealed only the band corresponding to the fulllength RNA3 minus strand in the absence of a shorter putative minus-strand sgRNA3a product (Fig. 1C) , suggesting that sgRNA3a was produced via pretermination rather than by RNA replication.
To characterize the 5Ј-and 3Ј-terminal sequences in the sgRNA3a molecule, a 5Ј-phosphorylated RNA linker was joined to its 3Ј end, using RNA ligase, and the ligation product was amplified by RT-PCR, with the 5Ј primer representing the wt RNA3 5Ј end and the 3Ј primer complementary to the linker. Sequencing of the cloned cDNA products revealed the presence of the heterogeneous 3Ј oligo(A) tail (Table 1) , ranging between 13 to 19 residues. Otherwise, all the clones carried the wt 5Ј end and the wt sequence of the first 1,200 nt of BMV RNA3 (data not shown). Thus, sgRNA3a resembled a canonical mRNA molecule, carrying the 5Ј noncoding region (presumably capped like the wt positive-strand RNA3), the 3a open reading frame, the 3Ј noncoding region, and the 3Ј oligo(A) tail.
sgRNA3a is packaged in BMV virions. sgRNA4 coencapsidates with RNA3 in BMV virions (12, 51) . To find out if sgRNA3a encapsidates, a BMV virus preparation was purified from infected barley leaves by two rounds of PEG precipitation or by two rounds of PEG precipitation followed by ultracentrifugation at 100,000 ϫ g. The virion RNA was extracted from both virus preparations and analyzed by electrophoresis in denaturing agarose gel ( Fig. 2A, lanes 1 to 5) . This revealed the presence of two bands corresponding to RNA3 and sgRNA3a, with the former predominating over the latter. Northern blot analysis of BMV RNA samples ( Fig. 2A , lanes 4 and 5) using the RNA3-specific probe confirmed the presence of both RNA entities (Fig. 2B) . A lower concentration of sgRNA3a than sgRNA4 reflected their total relative abundances ( Fig. 1 and Discussion).
To characterize the nucleotide sequences of the encapsidated sgRNA3a, 18 cDNA clones were sequenced, demonstrating that they carried the full-length sgRNA3a sequence with the heterogeneous 3Ј oligo(A) tail, varying between 2 to 14 A residues (Table 1) , which was shorter than the tail in total RNA.
BMV replicase preterminates at the minus-strand oligo(U) tract and generates sgRNA3a in vitro. Because BMV replicase is not capable of 3Ј initiation on wt minus-strand RNA3 sequences (67), a special RW-IDrev1 construct was designed. Its 3Ј portion had the 3Ј noncoding promoter region from BMV genomic RNA3 that was fused to the 5Ј portion of the RNA3 minus-strand sequence in such a way that nucleotide 2100 of the minus-strand RNA3 joined nucleotide 1911 of the positive- a The number of poly(A) residues was determined by sequencing of RT-PCRgenerated cDNA clones from either total RNA or virion BMV RNA preparations, as described in Materials and Methods. (Fig. 3A) . In the in vitro replicase assay, the resulting minus-strand RNA3 molecule secured initiation of RNA synthesis from the positive-strand 3Ј promoter, followed by copying of the minus-strand RNA3 template. As shown in lane 1 of Fig. 3B , among the three products of this template, the largest RNA was the full-length RNA3 (band RW-1Drev RNA3), and the shortest was sgRNA4 (band sgRNA4). The intermediate band represents sgRNA3a (band sgRNA3a), which comigrated with the corresponding synthetic RNA marker (Fig. 3B, lanes 4 and 5) . The sgRNA3a band was cloned, and the 3Ј ends of 13 clones were sequenced. Ten clones carried the oligo(A) tail (77%) (B) Electrophoretic analysis of RNA products after in vitro copying of RW-IDrev1 RNA3. The RNA (1 g) was copied in the RdRp assay reaction (see Materials and Methods) by using a BMV replicase preparation, and the radioactive products were separated by electrophoresis in a 4% polyacrylamide-12 M urea denaturing gel (lane 1). Besides a full-length copy of the input RW-IDrev1 RNA3 template, shorter products of the premature termination reaction at the oligo(U) tract (1,400 nt) and subgenomic sgRNA4 (800 nt) are visible. Lanes M1 and M2 show separate migrations of radioactive in vitro-transcribed RNAs used as size standards: the 800-nt RNA transcript the size of sgRNA4 and the 1,221-nt marker corresponding to the size of sgRNA3a. Repl., BMV replicase. (C) The effect of ATP on the copying of RW-IDrev1 RNA3. The copying reactions at increased ATP concentrations (indicated at the bottom) and analysis of the products were performed as described for panel B.
( Table 2 ), while three were terminated at upstream positions 1011 to 1014 (23%) in the IRE region (17, 32) . These results suggested that the oligo(U) tract served as an efficient termination site, while upstream IRE was much less efficient. The length of the oligo(A) tail ranged between 1 and 13 A residues (Table 2) , suggesting the termination range within the oligo(U) tract. The lack of sgRNA3a clones with the 3Ј tail exceeding the length of the wt oligo(A) tract (18 A residues) suggested effective termination at the oligo(U) sequence.
The ATP concentration has different effects on sgRNA3a/ RNA3 and sgRNA4/RNA3 ratios in vitro. BMV replicase assays performed at ATP concentrations ranging between 0.05 mM and 2.5 mM revealed a similar RNA3/RNA3a ratio (Fig.  3C, compare lanes 1 through 6) . This suggested that sgRNA3a was not preterminated due to the deficiency of ATP. However, sgRNA4 increased faster than RNA3, suggesting that sgRNA4 has different requirements for synthesis than RNA3 or sgRNA3a (see Discussion).
Deletions in the oligo(A) tract inhibit synthesis of sgRNA3a in vivo. We tested whether the oligo(A) tract was relevant for the production of sgRNAs during infection. By deletion of the entire oligo(A) tract plus the upstream UUAUUAUU region (Fig. 4A) , both sgRNAs were reduced in total RNA extracts compared to those for wt RNA3 (Fig. 4B, lanes 2 and 5 versus  lanes 3 and 6) . By leaving four A residues in the oligo(A) tract and the upstream UUAUUAUU region (in construct ⌬17), fewer reductions in sgRNA3a and especially in sgRNA4 were observed (Fig. 4B, lanes 4 versus 7) . Similar trends in RNA3/ sgRNA3a ratios were observed in virion BMV RNA for both constructs (Fig. 4C, lanes 2 to 4) . These results confirmed our in vitro data (Fig. 3) indicating that the oligo(A) tract is important for the formation of sgRNA3a as well as previous in vivo observations that oligo(A) is involved in sgRNA4 synthesis (55) . In contrast, concentrations of encapsidated BMV RNA1 to RNA4 were similar among constructs ⌬26, ⌬17, and wt RNA (Fig. 4C, lanes 5 to 7) , showing different preferences in packaging between sgRNA3a and sgRNA4 (see Discussion). sgRNA3a is more efficient in translation than RNA3. The translational competency of sgRNA3a was tested in vitro in rabbit reticulocyte and in wheat germ extracts. When 0.1 g of gel-purified sgRNA3a was incubated with the reticulocyte lysate system, a radioactive protein that comigrated with protein 3a from the control translation with the wt BMV RNA was synthesized (Fig. 5A, lanes 1 and 2) . To compare the translation efficiency of sgRNA3a with that of full-length RNA3, equimolar amounts (0.5 g of RNA3 and 0.23 g of sgRNA3a) of in vitro-transcribed and -purified RNA templates were translated at two different concentrations of MgCl 2 . sgRNA3a produced more protein 3a (by severalfold) than RNA3 at both 2.0 mM and 2.5 mM MgCl 2 (Fig. 5A , compare lanes 3 and 4 with lanes 5 and 6), showing that sgRNA3a was more efficient in translation than RNA3. Similarly, higher translation activity was observed for sgRNA3a in the wheat germ system (Fig. 5B,  lanes 1 to 4) , but no visible differences existed between capped and uncapped RNAs. Overall, these results showed that sgRNA3a was a better template for protein 3a synthesis than full-length RNA3.
Both sgRNA3a and RNA3 are found on polysomes. In order to determine the translation activity of sgRNA3a in vivo, a polyribosomal fraction was extracted from BMV-infected barley leaves and fractionated by sucrose gradient ultracentrifugation. Total RNA was isolated separately from each of the nine collected fractions, purified, separated by electrophoresis in denaturing agarose gel, blotted, and probed with the RNA3-specific probe. As shown in Fig. 5C , three fractions (5 to 7, within the polysomal portion of the gradient) contained both wt-size BMV RNA3 and sgRNA3a-size molecules (with a constant ratio of sgRNA3a/RNA3 of 60%/40%), confirming the presence of ribosome-bound sgRNA3a during infection. In addition, diffuse bands of short RNA3-related RNAs were detected in most of the fractions, reflecting the presence of ribosome-bound RNA-3-derived fragments. These data substantiated the notion that sgRNA3a was translationally active during infection.
DISCUSSION
The phenomenon of 5Ј sgRNA formation by premature termination has been described for several RNA viruses (for an example, see reference 72), but this work reports the first example of premature termination on the minus-strand oligo(U) tract. We present a model (Fig. 6 ) in which sgRNA3a is generated by the detachment at the minus-strand oligo(U) while sgRNA4 is made by de novo initiation at the sgp. With this discovery, there are now two known BMV sgRNAs.
Mechanism of sgRNA3a generation. Previously, detachment of BMV replicase at the AU-rich regions was suggested (41, 42, 53) , and in this work we have now mapped the BMV RNA3 crossovers to the oligo(A) tract (68) . Data on bacterial systems reveal that poly(A) tracts (65) or AU-rich sequences (14, 25, 47) can destabilize the transcription complex. Similar factors could enhance premature termination at the BMV oligo(U) tract (Fig. 6 ). Both in vitro (Fig. 3 ) and in vivo ( Fig. 1 and 4 ) experiments imply that sgRNA3a molecules arise by premature termination. Deletions of the oligo(A) tract significantly reduce the two sgRNAs (Fig. 4) , verifying its role during RNA replication and transcription (22, 55) . a The 3Ј termini were determined by sequencing of RT-PCR-generated cDNA clones from copying reaction products of minus-strand RNA3 templates, as specified in Fig. 3 We showed that the ATP concentration did not significantly affect RNA3/sgRNA3a ratios in vitro (Fig. 3C) , implying that these two RNAs have common initiations. It is quite likely, then, that pretermination was not due to ATP deficiency, especially because of the fact that ATP usually reaches higher levels than other NTPs in the cell. Theoretically, higher levels of ATP might prevent termination, which was not observed here, suggesting a different mechanism of termination, e.g., the decreased template-nascent strand interactions at oligo(A) tracks. In contrast, the concentration of sgRNA4 increased faster with ATP than that of sgRNA3a. This demonstrated that sgRNA4 initiation was a different process than sgRNA3a termination. The latter starts with a G residue (24, 32), but apparently the ATP is also critical. Either the copying process of sgRNA4 utilizes the nucleotides more efficiently or the RNA4 transcription complex binds better to sgp (56, 57) .
BMV replicase produced less sgRNA3a than sgRNA4 in vitro (Fig. 3) . Like the previously reported interference between sgRNA4 transcription and RNA3 replication (22) , pretermination of sgRNA3a may compete with the copying of full-length RNA3 for the replicase complex factors. However, interpretation of in vitro results must be done cautiously because the RNA3 minus-strand templates (Fig. 3) carry the tRNA-like promoter that normally occurs in positive strands. This was required to initiate RNA copying because the used BMV replicase could initiate only at tRNA-like structures. (A) Translation in rabbit reticulocyte system. The RNAs were incubated in rabbit reticulocyte extract at two different concentrations of MgCl 2 , as indicated, and the products were separated in 12% SDS-polyacrylamide gel. The template RNAs are BMV RNA, total encapsidated viral RNA extracted from purified BMV preparation; sgRNA3a, the fraction of sgRNA3a purified from the encapsidated BMV RNA by cutting a band off the agarose formaldehyde/formamide gel; trRNA3 and trRNA3a, the RNA3 and sgRNA3a preparations synthesized by transcription in vitro and purified from unincorporated NTPs (on RNeasy columns; QIAGEN) prior to the translation reaction. (B) Translation in the wheat germ system. The RNAs were incubated in the wheat germ system with [
35 S]methionine, and the products were analyzed in polyacrylamide-SDS gel, as described for panel A. The synthetic RNA3 or sgRNA3a templates were either capped or uncapped (see Thus, a factor could be lost which in turn could affect processivity and/or pretermination characteristics. The 3Ј oligo(A) tail could arise in sgRNA3a by detachment at the oligo(U) tract in the minus-strand template (Fig. 3) rather than by polyadenylation because of four factors: (i) RNA3 lacks the polyadenylation signal; (ii) canonical polyadenylation occurs in the nucleus; (iii) no sgRNA3a molecules with a longer oligo(A) tail were identified; and (iv) polyadenylation generates long poly(A) tails (up to 200 A's). However, cytoplasmic (48, 50) and viral (e.g., poxviruses; [26] ) polyadenylation activities have been reported, and thus de novo polyadenylation cannot be ruled out.
Our data add one new function to the list of already known activities at the internal region of BMV RNA3. These previously known activities were the recruitment of RNA3 to the replicative spherules, 1a/2a interactions, regulation of the positive-strand/minus-strand ratio, initiation of sgRNA4, and RNA recombination (8, 28, 57) . Figure 6 illustrates that premature termination occurs 5Ј of the sgRNA4 de novo initiation. Similar observations have been made for Sindbis virus (66) , citrus leaf blotch virus (64), grapevine virus A (19) , and for a controller element of citrus tristeza closterovirus (CTV). CTV preterminates its 5Ј sgRNA at a site located 30 to 50 nt upstream of another de novo-initiated 3Ј sgRNA (2, 20) . The CTV controller sequence carries two stem-loops (20) , different from the BMV controller, which uses a combination of the oligo(U) and a stem-loop. All Bromoviridae and Togaviridae carry the internal poly(A) tract, implying that they could produce analogous 5Ј preterminated sgRNAs.
No sgRNA3a clones that carry their 3Ј ends beyond the length of the oligo(A) tract (no more than 18-residues long) were found. The oligo(U) tract must then act as an efficient termination signal, either by itself or via interaction with such elements as the sgp stem-loops, the upstream IRE hairpin (3, 8, 18, 28, 38, 57) , or the packaging signal (12) . 1a protein binding (57) , replicase binding (11), or even some poly(U)-binding host proteins might further enhance pretermination. In potato virus X, the synthesis of sgRNAs is regulated by sgp signals that interact with the 5Ј complementary elements (34). It is not known whether long-distance interactions (23, 39) can regulate sgRNA3a.
Similar to sgRNA3a (Fig. 1C) or sgRNA4, the above CTV sgRNAs did not have corresponding minus strands (20) . However, a different set of CTV sgRNAs had both plus and minus strands, suggesting the orientation of their replication (20) . In the cases of dianthoviruses (54), luteoviruses (39) , and nodaviruses (17) , it has been postulated that the prematurely terminated minus-strand sgRNAs were copied into the positive strands. It is not yet known if BMV could produce some other replicating sgRNAs in different hosts (15) .
Our data cannot eliminate the possibility that sgRNA3a arose via cleavage of RNA3. Typically, the cleavage fragments have different levels of stability and thus accumulate to different levels in the cell. However, we did not detect any 3Ј-half RNA3 sequences among the cloned cDNAs by using 5Ј rapid amplification of cDNA end experiments (data not shown). A prolonged incubation in water demonstrated that RNA3 was a stable molecule. One can speculate that sgRNA3a was uncommonly stable, but BMV RNAs treated with wheat germ extracts generated only fragments that were much shorter than the sgRNA3a (data not shown). Overall, we conclude that RNA cleavage is not a likely mechanism.
Putative function(s) of sgRNA3a. One function of sgRNA3a could be during RNA3-RNA3 recombination (Fig. 6) . We have recently mapped an RNA3 recombination hot spot to the oligo(A) tract (60, 68) . This suggests that the predetached sgRNA3a intermediate functions as a primer (5, 68) . Indeed, the previously described heterogeneity of the oligo (A) tract (1,   FIG. 6 . Model illustrating the synthesis of sgRNA3a in view of multiple functions of the intergenic region in minus-strand RNA3. The BMV RdRp enzyme complex (represented by gray ovals) migrates alongside the minus-strand RNA template and pauses (represented by curved arrows) at the secondary structure or, most notably, at the oligo(U) tract, leading to the formation of subgenomic sgRNA3a. Yet another molecule of the RdRp enzyme binds to the sgp and initiates the de novo synthesis of sgRNA4. Also, the rehybridization of the sgRNA3a oligo(A) tail to the RNA3 minus template can resume full-length copying, which primes the observed RNA3-RNA3 recombination (5, 69) . The positive and minus RNA strands are represented by thick lines and both the oligo(U) tract in the minus-strand template and the oligo(A) 3Ј-termini are exposed. The stem-and-loop structures adopted by the positive and minus strands upstream of their oligo(U) and oligo(A) tracts (3) are shown. The region that binds to protein 1a via the B box of the stem-loop structure in positive strands (28, 57 ) is shown. 13) could be, at least in part, due to repriming at various positions alongside the minus-strand RNA3 oligo(U) region. The polymerase slippage could be another mechanism contributing to this heterogeneity (55) .
The RdRps of such viruses as poliovirus and bacteriophage Q␤ can support crossovers via primer extension (9, 49) , while a role for sgp's in RNA recombination has been suggested for cucumoviruses (58) and carmoviruses (6, 7, 43, 44, 71) . The RNA recombination of retroviruses usually occurs during reverse transcription (31) . The BMV replication complex operates inside the membranous "spherules" (52) , where the sgRNA3a primer could reach higher concentrations.
Another likely function of sgRNA3a is in translation. The sgRNA3a molecule served as a better template for 3a synthesis in both rabbit reticulocyte and wheat germ in vitro translation extracts (Fig. 5) . This might be due to its less-stable structure that lacked the 3Ј portion of wt RNA3. Neither in vitro extract is responsive to poly(A) tails on mRNAs, but in vivo the 3Ј-oligo(A) tail could further increase translation activity compared to that for the remaining non-3Ј-polyadenylated BMV RNA components. The lack of response to Mg ϩ2 shown in Fig.  5A might be due to sufficient concentrations of endogenous Mg ϩ2 (all commercially supplied kits contain about 2 mM Mg ϩ2 ). Another possibility might be that stable folding of sgRNA3a or RNA3 did not change with Mg ϩ2 (21, 23, 59) . Additional experiments with protoplasts are needed to determine the effect of the poly(A) tail on sgRNA3a translation.
The presence of abundant amounts of sgRNA3a in polysomal fractions (Fig. 5C ) provides strong evidence for its biological function. The ability to make 3a from two different RNAs (RNA3 or sgRNA3) could aid the virus in regulation of its spreading. It allows for separation of replication from translation functions, as postulated for CTV (20) . That is, the sgRNAs could serve as templates during translation of RNA3-encoded proteins while the full-length RNA3 acts as a replicating (and recombining) genetic reservoir. Finally, translation from encapsidated sgRNA3a might boost up the synthesis of 3a to facilitate spreading of the virus within the infection foci.
Lower amounts of sgRNA3a compared to those of RNA3 in BMV virions followed their relative concentrations in the infected tissues (Fig. 1) . The efficient encapsidation of RNA3 requires two signals (12) , and only the upstream signal (between nt 624 and 811) is present in sgRNA3a. Similar to the RNA3-sgRNA4 pair (12), sgRNA3a could be packaged with RNA3 via RNA3-sgRNA3a interactions or with the aid of protein chaperones. Interestingly, the oligo(A) deletions reduced the amount of both sgRNAs in total RNA fractions (Fig.  4B ) but only that of sgRNA3a among virion RNAs (Fig. 4C) . This indicates that sgRNA4 is preferred in encapsidation over sgRNA3a.
Theoretically, the presence of a short oligo(A) 3Ј tail (e.g., 20 A residues) may predestine sgRNA3a for the mRNA decay pathway (4, 37) , and RNA decay may control the level of protein 3a. However, sgRNA3a is abundant in polysomes, suggesting some type of stabilization and compartmentalization. In general, there are examples of stable mRNAs with or without poly(A) tails (70) . Along these lines, recent observations revealed that the deadenylation-dependent mRNA decapping complex requires elongation of translation of only replicating BMV RNAs (thus not of nonreplicating sgRNA4) (45) . The pathway is apparently used to distinguish viral replication from nonreplication templates at the stage of translation before recruitment to replication. It would be interesting to find out if translation of sgRNA3a requires the mRNA decay pathway. Lack of such dependence might improve the economy of translation versus replication functions in BMV RNA3.
In summary, our data support the likely functions of sgRNA3a during RNA recombination and translation. More work is required to pinpoint the biochemical role(s) of sgRNA3a in the BMV life cycle.
